INTRODUCTION
Algae are a large and diverse group of organisms growing in aquatic environments that are able to photosynthetically convert CO 2 and minerals to biomass, although some species do grow heterotrophically. The two main forms are macroalgae and microalgae with the latter differentiated by their pigments, reserve substances, cell wall, cellular division characteristics, and morphology.
Macroalgae, or seaweeds, are fast-growing, multicellular, macroscopic nonvascular plants that contain chlorophyll, with sizes reaching up to 60 m in length. They are classifi ed in groups based on their pigmentation: Chlorophyceae (green algae), Phaeophyceae (brown algae), and Rhodophyceae (red algae). Seaweeds have been used by humans for about 14,000 years and as food products by the Japanese and Chinese cultures for centuries; the Aztec population also collected and cultivated seaweeds [Dillehay et al., 2008; Mc Hugh, 2003; Pulz & Gross, 2004] . Their applications in the food industry have been increasing, as well as in the textile, pharmaceutical, cosmetic, and biotechnology industries [Bartsh et al., 2008] . Seaweed biomass is used for the production of phycocolloids such as agar-agar, alginates, and carrageenan. Because of their commercial potential, more than 200 species are utilized worldwide, but the most cultivated and used are the brown algae Laminaria japonica and Undaria pinnatifi da; the red algae Porphyra, Eucheuma, Kappapycus, and Gracilaria; and the green algae Monosotroma and Enteromorpha [Lüning & Pang, 2003 ].
The microalgae consist of a wide range of autotrophic organisms that grow through photosynthesis in the same way as do plants, and their classifi cation is in constant revision due to new genetic evidence. Nevertheless, they can be classifi ed into two major groups: prokaryotic and eukaryotic [Harun et al., 2010] . The prokaryotic microalgae are the Cyanobacteria (blue-green algae), the taxonomy of which includes fi ve orders: Chroococcales, Oscillatoriales, Nostocales, Stigonematales, and Pleurocapsales. The Prochlorophyta, or freeliving chloroplasts, are another collection of cyanobacteria that represent an artifi cial group based on their different pigmentation, which is derived from an absence of phycobiliproteins, and in most cases, the presence of chlorophylls a and b. One of the main characteristics of cyanobacteria is their fast uptake and storage of nutrients and compounds such as phosphate, cyanophycin (a polymer of aspartic acid and arginine), and a branched α-1,4 polyglucan. Some of these microorganisms can produce neurotoxins and hepatotoxins, while others produce therapeutic compounds (e.g., antivirals, inmmunomodulators, inhibitors). The most important Cyanobacteria used in biotechnology are Spirulina (Arhrospira) platensis, Nostoc Table 1) . The eukaryotic microalgae include several divisions: Chlorophyta (green algae) is the largest group, and most are unicellular or fi lamentous freshwater forms; Euglenophyta, which are fl agellated unicells that emerged from a secondary endosymbiosis between algae and a protozoan-like host; Rhodophyta, or red algae, resulting from their phycoerythrin content; Cryptophyta, in which most species are photosynthetically active motile unicells; Dinophyta or Dinofl agellata, which represent a wide group, though some species are not used due to their production of harmful toxins; Prymnesiophyta, also called Haptophyta; Glaucophyta, freshwater algae that possess an almost intact cyanelle as their photosynthetic organelle; Chlorarachniophyta, amoeboid/fl agellated eukaryotes; and Heterokontophyta, composed of the brown algae Phaeophyta, the yellow-green algae Eustimatophyta (or Xanthophyta), the golden algae Chrysophyta, and the Bacillariophyta (or Diatoms) [Duong et al., 2012; Barsanti et al., 2008; Leblond et al., 2010; McFadden et al., 1997] .
Microalgae are cultivated in aquaculture, and in recent years, the number of studies regarding their use as functional foods has increased. This is due to such nutritional characteristics as their cell wall polysaccharide composition, the types and amount of lipids, the conformation of different amino acids, and the presence of pigments and micronutrients. A few microalgae have been identifi ed for commercial application based on these characteristics: Spirulina, Chlorella, Haematococcus, Dunaliella, Botryococcus, and Phaeodactylum. However, other microalgae can also be used [Raja et al., 2008; Wikfors & Ohno, 2001] .
The study of microalgae is less developed than that of seaweeds, but their advantages of faster growth, higher photosynthetic effi ciency, and indoor production provide an opportunity for research into new nutritional products and their applications in the food and health industries [Dragone et al., 2011] . In addition, the biodiversity of microalgae would allow for increasing the number of different sources of bioactive compounds such as carbohydrates, lipids, proteins, and pigments (Table 2) [Markou & Nerantzis, 2013] .
PROTEINS
The total protein content of the biomass depends on the microbial species; however, during rapid steady-state growth, the protein content can range from 30% to 55% of the dry weight. The microalgal cell wall is often disrupted to make the protein, amino acids, and other constituents accessible, or alternatively, enzymatic protein hydrolysis can be used to obtain bioactive peptides [González-López et al., 2010; Kim & Wijesekara, 2010] . It has been reported that some microalgae contain soluble proteins in their cytoplasm. In addition, microalgae with chloroplasts contain soluble protein, a central pyrenoid, and phycobiliproteins, although some microalgae such as A. plantesis instead have thylakoid bundles circling the peripheral part of the cytoplasm associated with phycobilisomes [Safi et al., 2014] .
According to Becker [2007] , the general protein composition of the cyanobacteria Spirulina platensis is 43-63% (dw) with an amino acid profi le of leucine, valine, isoleucine, phenylalanine, tyrosine, methionine, cysteine, and tyrosine. Because of its high protein content, it is also considered a food supplement [Templeton & Laurens, 2015] . The Rhodophyta Porphyridium cruentum contains 28-39% of protein dry matter with amino acids such as aspartic acid, threonine, serine, glutamic acid, glycine, alanine, cysteine, and valine, among others [Becker, 2007; Safi et al., 2014; Hempler & Maier, 2012] .
In Heterokontophyta, the diatom Phaeodactylum tricornutum ranged from 45-54% algal dry weight, with 10.3% phenylalanine as the principal amino acid. In contrast, the predominant amino acids in six species of Bacillariophyta were serine, alanine, arginine, leucine, glycine, aspartate, and threonine. The Eustomatophyta Nannochloropsis sp. has a similar amino acid profi le as that of Chlorella vulgaris, with a 30% protein content of algal dry weight [Chuecas & Riley, 1969; Gatenby et al., 2003] . When Prymnesiophyta Isochrysis aff. galbana (clone T-Iso) was exposed to low and high levels of nitrate, it showed protein contents ranging between 6.3% and 19.8% (dw), and its amino acid composition did not vary with different irradiances during growth. Glutamate and aspartate were present in the same proportions (9.0-13.5% of total amino acids), while histidine, methionine, tryptophan, cysteine, and hydroxyl-proline were minor constituents (0.0-2.6%) [Brown & Jeffrey, 1992; Dörner et al., 2014] .
The Chlorophyta Tetraselmis sp. has about 64% soluble protein (dw) after complete disruption of the cell wall, with a predominant amino acid profi le of leucine, asparagine, glutamine, glycine, proline, lysine, valine, and serine [Schwenzfeier et al., 2011] . Moreover, the amino acid content in Chlorella sp. is approximately 18% (dw). In Chlorella vulgaris, whose amino acids were identifi ed, which included 44.7% (of total amino acids) of the essential amino acids such as cysteine (0.22%) and arginine (4.5%). Eustomatophyta Nannochloropsis sp. has a 30% (dw) protein content with a similar 33 .3% for Navicula sp., and 70% for Spirulina platensis. However, depending on the microalgae cell wall characteristics and mechanism of disruption, those percentages can differ [Servaites et al., 2012] .
Parameters measured for protein quality include ratio (PER) expressed as the mass gain per unit tested on animals in short-term trials; biological values (BV) giving the proportion of absorbed protein; protein digestibility coeffi cient (DC), and the net protein utilization (NPU). The method chosen for drying the microalgae has an impact on these parameters but most part of referenced studies observed that they are not far from casein and egg. Also levels of all essential amino acids of various microalgae species are comparable to those of conventional sources of proteins, with the same limiting amino acids as for egg [Barka & Blecker, 2016] .
Novel protein sources such as microalgae can be used as a substitute for meat, legumes, or eggs for vegetarian dishes or as a nutraceutical for pathologies. The microalgal protein and amino acids can also provide benefi cial effects as a functional ingredient, while the bioactive peptides resulting from protein hydrolysis may act as molecules with a positive impact by binding or inhibiting specifi c receptors [Samarakoon et al., 2014] . For example, hydrolysates derived from specifi c microalgae by enzymatic hydrolysis have been found to possess antioxidant properties [Hu et al., 2015] . Beneficial effects on crypt depth, mucosal protein levels, and jejunal and ileal cell proliferation indexes were observed when crude extracts of Chlorella vulgaris were used in a biological model with anastomosis [Kerem et al., 2008] . In addition, when an enzymatic protein hydrolysate of Chlorella vulgaris was administrated to malnourished mice to improve their nutritional status, there was an increase in free amino acid serum concentration, hemoglobin concentration, and benefi cial effects on small-intestine function [Morris et al., 2011] .
The peptide derived from the protease hydrolysis of a protein from Nannochloropsis oculata has been shown in vitro to produce nitrates with an inhibitory effect on angiotensin-I--converting enzyme (ACE), which can be used against hypertension and other cardiovascular diseases. The peptides from purifi ed protein hydrolysates from Chlorella vulgaris (Val-Glu-Cys-Tyr-Gly-Pro-Asn-Arg-Pro-Gln-Phe), Spirulina platensis (Ile-Ala-Glu), and Undaria pinnatifi da (Ala-Ile-Tyr--Lys) have a similar effect on ACE [Samarakoon et al., 2014] . In addition, the engineered diatom Phaeodactylum tricornutum can synthesize and secrete a human IgG antibody against the hepatitis B virus surface protein [Hempel & Maier, 2012] .
Cyanobacteria such as Microcystis, Anabaena, Nostoc, Spirulina, and Aphanizomenon fl os-aquae result in a group of peptides with different biological properties. Cyanovirin-N is a protein from Nostoc ellipsosporum, which inactivates diverse strains of HIV-1. Borophycin, cryptophycin, and lipopeptides are isolated from Nostoc and have cytotoxicity activity against human epidermoid carcinoma, fungicidal activity, and anticancer activities, respectively [Peake et al., 2011] . The blue polypeptide phycocyanin from Spirulina stimulates hematopoiesis, emulates the effect of hormone erythropoietin, and regulates the production of white blood cells [Raja et al., 2008] .
LIPIDS
Microalgae can produce different kinds of lipids such as glycolipids, phospholipids (polar lipids), glycerolipids with neutral storage lipids, and free fatty acids. The lipid content in microalgae varies between 20% and 50% (dw). These lipids may be used as energy storage or as energy substrates, as cell membrane structural components, and for metabolic processes such as signal transduction, transcriptional and translational control, cell-cell interactions, secretion, and vesicle Among the lipids, fatty acids are the major constituent of microalgal biomass, and they can be found in different forms: in the phospholipids that form a phosphate group at position sn-3; glycerolipids that have a basic structure based on glycerol esterifi ed at positions sn-1 and sn-2; and in non--polar glycerolipids, which can be esterifi ed at one (monoacylglycerol), two (diacylglycerol), or three positions (TAG). The de novo synthesis of fatty acids occurs primarily in the chloroplast, where 16-or 18-carbon fatty acids are produced. To create an unsaturated fatty acid, a double bond is introduced by the soluble enzyme stearoyl-acyl carrier protein desaturase. Elongation is terminated, and then in the chloroplast, they are transferred to glycerol-3-phosphate with the formation of TAG, which is also coordinated with secondary carotenoids (β-carotene, lutein, or astaxanthin) that are esterifi ed with TAG and sequestered into cytosolic lipid bodies. However, there are reports that the biosynthesis of polyunsaturated fatty acids (PUFAs) could differ between species. In the red microalga Porphyridium cruentum, 18:2 is fi rst desaturated to 18:3 ω-6, and then to 20:5 ω-3, while in Euglena, 18:2 is elongated to 20:2 before desaturation; there may be four different pathways for eicosapentaenoic acid (EPA) production in Phaeodactylum tricornutum [Hu et There are also microalgae, referred to as oleaginous algae, that can produce substantial amounts of TAG. The term oleaginous is used to describe the algae capable of accumulating large quantities of oil, >20% (weight) of their biomass (e.g., Chlorella sp., Nannochloropsis sp.), which can be up to 80% of the dry biomass [Bellou et al., 2014] .
However, the amount of lipids and the number or position of double bonds on the carbon chain can vary according to the algal species and growing conditions. Optimal conditions can promote fatty acid esterifi cation into glycerol-based membrane lipids, while unfavorable conditions can increase the formation of neutral lipids such as TAG due to their storage and energy activity [Hu et al., 2008] . In general, many microalgae have PUFAs such as arachidonic acid (AA), eicosapentaenoic acid (EPA), and docosahexaenoic acid (DHA). The major saturated fatty acid is palmitate [Guschina & Harwood, 2006] .
Cyanobacteria can contain saturated fatty acids, monoenoic fatty acids, and unsaturated fatty acids. Palmitic acid (16:0) and oleic acid (18:1) are the major fatty acids in all Cyanophyceaen members. Spirulina, representing the most characteristic Cyanobacteria, produces linoleic and γ-linolenic acids [Maslova et al., 2004; Chaiklahan et al., 2008; Sahu et al., 2013] . The Rhodophyta have the highest proportion of total fatty acid content, with about 81% of its strains having EPA and arachidonic acid [Lang et al., 2011] . Porphyridium cruentum, one of the most representative of the red microalgae, has an average of 11% total lipids, which can be composed In the Heterokontophyta, the Bacillariophyta have neutral lipids, glycolipids, and phospholipids. They also contain tetradecanoic acid, hexadecanoic acid, palmitoleic acid, and EPA as the predominant fatty acids. The main raw materials are triglycerides such as monogalactosyl, diagalactosyl, sulfoquinovosyl diglyceride, phosphatidyl glycerol, phosphatidyl choline (lecithin), and phosphatidyl ethanolamine. Palmitoleic, palmitic, eicosapentaenoic, and eicosatetraenoic acids are the major fatty acids. The diatom Chaetoceros gracilis includes linoleic acid, α-linolenic acid, arachidonic acid, eicosapentaenoic acid, and docosahexaenoic acid. It can also produce monounsaturated fatty acids and saturated fatty acids such as oleic acid and palmitic acid, respectively. Phaeodactylum tricornutum is the diatom with a potential for the production of EPA, palmitoleic acid, palmitic acid, hexadecatrienoic acid, and myristic acid [Hu et Leblond et al. [2010] observed that four organisms from three genera contained fatty acids, glycolipids, and triacylglycerol, with a dominant fraction of 16:0 and 22:5 ω-3.
The Glaucophyta have been characterized for their two major plastid lipids, mono-and digalactosyldiacylglycerol, associated mainly with the fatty acids hexadecanoic acid (16:0) and EPA (20:5 ω-3), which are also found in photosynthetic membranes . Lang et al. [2011] showed that strains of Glaucophyta (including Glaucocystis nostochinearum and Cyanophora paradoxa) had a major pro-portion of EPA, with smaller proportion of arachidonic acid. Euglenophyta microalgae have fatty acids such as 16:0, 18:1, 18:2, and 18:3. Euglena gracilis produced myristic, palmitic, oleic, linolenic, arachidonic, and eicosapentaenoic acids in both photoautotrophic and heterotrophic culture and during the logarithmic phase. In addition, 15-, 12-and 5-HETE (hydroxyeicosatetraenoate) has been identifi ed [Hu et al., 2008; Guschina & Harwood, 2006; Hulanicka et al., 1964] .
The importance of algal lipids lies in their commercial value as an alternative nutritional source to generate functional foods from their PUFAs such as EPA and DHA and their precursor alpha-linolenic acid. The human diet impacts health, because the types of fatty acids consumed can vary the lipid rafts within cell membranes, affecting signaling molecules and the interaction between cell types, especially within the immune system [Ryckebosch et al., 2012] .
The fatty acids DHA and EPA participate in immune system activity by reducing the expression of monocyte chemoattractant protein 1 and interleukin 8, which are activated by the peroxisome proliferator-activated receptor α and inhibit nuclear factor κB. This is due, in part, to the preferential formation of the 5-series eicosanoids, which are less potent chemoattractants than the 4-series eicosanoids derived from arachidonic acid. It has also been reported that adipocytes treated with DHA express more anti-infl ammatory interleukin 10 in comparison to untreated cells. Metabolically, these fatty acids can modulate lipid pathways, promoting lipolysis and fatty acid oxidation and inhibiting lipogenesis [Peake et al., 2011; Tai & Ding, 2010] .
Ω-3 and ω-6 fatty acids are also be found in the lipid bilayer of cell membranes and are important for maintaining membrane fl uidity. In the nervous system, PUFAs are released via neurotransmitter stimulation and metabolized into active compounds such as prostaglandins and leukotrienes, among others. The relationships between ω-3 consumption and depressive symptoms as well as cognitive and physiological development have also been investigated. In addition, clinical trials with DHA-rich oil indicate effi cacies comparable to fi sh oil for protection from heart disease and dyslipidemia [Ryckebosch et al., 2012; Giles et al., 2013] .
Spirulina contains γ-linolenic acid, which can aid in heart disease, depression, and infl ammatory diseases such as arthritis; its β-carotene has been reported to have antioxidant, anti-infl ammatory, and protective activities against singlet oxygen-mediated lipid peroxidation [Deng & Chow, 2010; Kulshreshtha et al., 2008] . In contrast, the diatom Phaeodactylum tricornutum Bohlin contains an antibacterial fatty acid EPA against Staphylococcus aureus, Bacillus cereus, and the Gram-negative marine bacteria Listonella anguillarum [Desbois et al., 2009] . This diatom also contains two monogalactosyldiacylglycerols with the capacity to induce apoptosis in two genetically-matched immortal mouse epithelial cell lines, as well as other anticancer activities [Samarakoon et al., 2014] .
Nannochloropsis oculata has been used as a source of EPA conjugated with phospholipids in humans; even this microalga can be considered as an alternative vegetarian source of ω-3 fatty acids [McHugh, 2013] . The DHA-rich marine microalga Schizochytrium mangrovei showed activity in vitro on the vitality of healthy pheochromocytoma cells, and it displayed neuroprotective activity and extended the life span of wild-type and mutant fruit fl ies (Drosophila melanogaster) [Huangfu et al., 2013] .
CARBOHYDRATES
The chemical composition of microalgae is important for their biological functions and potential uses. Microalgae have higher quantities of lipids and proteins than carbohydrates. Despite the low content (approximately 10% of dry matter) the carbohydrates could be used as a functional food, although the carbohydrate biomass depends on the microalgal species (e.g., Porphyridium cruentum 40-57%; Spirogyra sp. 33-64%) [Markou & Nerantizis, 2013; Mairet et al., 2014] .
Microalgal carbohydrates are formed both inside the chloroplast and in the cytosol, and their presence in the microalgal cell wall and intracellular vacuoles provides energy in the form of monosaccharides or polymers [Becker, 2007] . The most abundant monomers are glucose, rhamnose, xylose, and mannose, and while the polymers vary in size (di-, oligo-, and polysaccharides) and composition, they lack hemicellulose and lignin. The content and type of carbohydrates depend on the microalga; for example, Cyanobacteria have a four-layered cell wall (Gram-negative type), and their lack of cellulose facilitates human consumption. . In contrast, eukaryotic microalgae have a cell wall composed of a microfi brillar layer of cellulose surrounded by an amorphous layer that may be silicifi ed or calcifi ed and strengthened with plates and scales. There are also naked microalgae that lack cell walls, and some microalgae may have a laminated polysaccharide investment. The production of polysaccharides can also vary (e.g., carragenin, sulfated polysaccharides); for example, the cyanobacterium Arthrospira platensis has a fragile cell wall that is composed primarily of murein and lacks cellulose [Safi et al., 2014; Tomaselli, 2004 ].
The Rhodophyta, or red algae, include macroalgae and a few species of microalgae. The macroalgae cell walls are composed of a microfi brillar layer of cellulose and amorphous polysaccharidic mucilages (agar or carragenins), while red microalga such as Porphyridium are encapsulated by a polysaccharide in the gel state and composed of sulfated polysaccharides. These sulfated polysaccharides have a basic block that comprises the aldobiouronic acid 3-O-(α-D--glucopyranosyluronic acid)-L-galactopyranose disaccharide, which is a part of a bigger structure composed of the linear building block that contains (1-2)-or (1-4)-linked xylopyranosyl, (1-3)-linked galactopyranosyl, and (1-3)-linked glucopyranosyl or glucopyranosyluronic acid residues. Red microalgae have storage granules of fl oridean starch, an α-1,4 glucan, a starch hybrid, and glycogen, although some species could have amylose [Pulz & Gross, 2004 The class Prymnesiophyta contains water-soluble β-1,3--glucan with an essentially linear β-D-1,3-glucan backbone and some branching at position 6 or 2. These glucans can be classifi ed as laminaran, paramylon, or chrysolaminaran and are distinguished based on chain length and the presence of mannitol end groups. However, chrysolaminaran has been characterized as the principal storage glucan. Some have cell walls covered with circular body scales embedded in a mucus matrix-like mucilage, and others, such as Prymnesiophyta, are calcifi ed (cocoliths) by different types of biomineralization [Alderkamp et al., 2007; Hirokawa et al., 2008] . The green microalgae (Chlorophyta) have cellulose in their cell wall and use a starch (α-1,4-linked glucan) composed of amylose and amylopectin as their storage product. However, Chlorella, one of the most studied green microalga, has a diverse cell wall composition and structure among the different strains. Some Chlorella strains have a cell wall with a trilaminar (TLS) outer layer that contains algaenan, a resistant and non-hydrolysable biopolymer, while other strains have a cell wall with no TLS outer layer, but a high percentage of polysaccharides. In contrast, the Chlorophyta Dunaliella salina lacks a rigid cell wall [Busi et al., 2014; Oren, 2005 , Chen et al., 2011 .
Chlorarachniophyta are marine amoebofl agellate unicells that harbor green algal endosymbionts that have lost many subcellular structures (mitochondria and cell walls) and have a small nucleus-like structure called a nucleomorph that is housed within a vestige of cytoplasm. The other signifi cant structure is a green chloroplast, which may manufacture carbohydrates and other compounds. However, some are naked spherical cells, whereas others are coccoid cells with single-or multi-layered cell walls. Chlorarachniophyte cells store long chain β-1-3-glucan within a vacuole in the host cell cytoplasm appressed to the chloroplast bulbous pyrenoid The Chryptophyta microalgae do not possess a cell wall; instead they have a periplast, and some produce extracellular polysaccharides, which could result in starch grains formed near the pyrenoid. The Glaucophyta also accumulate starch in the cytosol and lack a cell wall; instead, with the exception of Glaucosphaera sp., they possess inclusions termed cyanelles surrounded by peptoglycan [Ball et al., 2011; Lichtlé, 1979; Paulsen et al., 1992] . The Euglenophyta has a proteinaceous outer cover called a pellicle and paramylon as a reserve carbohydrate (β-1,3-polyglucan), which is called paramylon starch [Pulz & Gross, 2004] .
Microalgal polysaccharides can vary in their biological properties depending on their characteristics. For example, beta glucans are considered immune stimulators, cellulose and starch can act as dietetic fi bers, and sulfated polysaccharides have antioxidant and antitumoral activities. Beta glucans are polysaccharides with glucose as structural components, with β-1,3-or β-1,4-linear linkages that are connected by β-1,6 linkages. Both have been reported to have activity as a dietary fi ber; however, the β-1,4 form does not exhibit immune modulatory effects. In contrast, when β-1,3-glucans are consumed, they can bind specifi c gastrointestinal dendritic cell (DC) receptors, which can lead to an immune response that promotes the activation of phagocytosis, radical oxygen species production, and a cellular immune response. There is also a correlation between immune response and the size, conformation, molecular weight, and branching frequency of the glucans [ It has been reported that the polysaccharides of the unicellular green alga Chlorella sorokiniana can mature dendritic cells and induce interleukin 12 (IL12) secretion, which activates natural killer cells (NKs) and leads to the differentiation of T helper cells into Th1 cells. This is important against viral infection and cancer [Chou et al., 2012] . A preparation containing brown algae laminarin (1,3:1,6-β-glucans) provides protection against irradiation and bacterial pathogen infection by increasing the proliferation of B cells and T helper cells. Laminarin can also modulate the response to systemic infection and hepatic infl ammation [Neyrinck et al., 2007; Kraan, 2012] . Fucoidan and paramylon have been reported to enhance the phagocytic and secretory activity of macrophages and induce the production of interleukins (IL-6, IL-1) and TNF-α. In addition, the paramylon extracted from Euglena gracilis exerts antioxidant protective action following acute hepatic injury in rats [Bianchi et al., 2015; Lee et al., 2012] .
Sulfated polysaccharides (SPs) have demonstrated diverse biological activities. For example, fucoidans are sulfated fucosylated polymers that exhibit the properties of heparin/ heparan sulfate and the capacity to control parameters involved in connective tissue destruction in human skin. Studies have indicated that the SPs of the red microalga Porphyridium have antiviral and antioxidant activity, while those from Phaeodactylum and Chlorella have anti-infl ammatory activity [Raposo et al., 2013; Senni et al., 2006] . Sulfated polysaccharides, as well as cellulose and other beta glucans, can also be considered dietary fi ber, which is not digested, but rather fermented by intestinal bacteria to produce short-chain fatty acids; these have been recognized as mediators in intestinal immune function. Dietary fi ber can also regulate energy intake, improve glycemic control, and diminish serum lipids [Lattimer & Haub, 2010; Vinolo et al., 2011] . Spirullina has lipid and glucose metabolism activity in experimental animals and diabetic patients, while Porphyridium sp. polysaccharides (50-70% of the biomass) are associated with hypocholesterolemic effects in rats. Chlorella and Spirullina polysaccharides have an inhibitory effect on the adhesion of Helicobacter pylori to gastric mucin [Loke et al., 2007; Dvir et al., 2009; Khan et al., 2005] , and Isochrysis galbana has displayed benefi cial gastrointestinal effects in diabetic rats [Nuño et al., 2013] .
PIGMENTS AND VITAMINS
Microalgae possess pigments that are found as carotenoids (orange coloration), xanthophylls (yellowish shade), phycobilins (red or blue coloration), and chlorophylls (green coloration). Carotenoid and chlorophyll content is generally higher in microalgae than in some plants. In addition, they contain other valuable antioxidants such as 0.01-3% tocopherols (vitamin E), 0.1-1.5% ascorbic acid (vitamin C), and phenolic compounds [Koller et al., 2014; Mulders et al., 2013] .
The carotenoids can be reserved in oil droplets in either the chloroplast stroma or the cytosol, depending on the microalga. When microalgae grow under optimal conditions, these carotenoids are usually present in low concentration (0.5% gg -1 dry weight), although some chlorophytes can reach up to 10% gg -1 dry weight when cultivated under adverse growth conditions, as is the case for Dunaliella salina [Mulders et al., 2013] . Carotenoids play a role in oxygenic photosynthesis, as a direct quencher of reactive oxygen species, and in the thermal dissipation of excess energy in the photosynthetic apparatus. Xanthophylls are the oxidation products of carotenes; in the xanthophyll cycle, they bring about the rapid conversion of violaxanthin into zeaxanthin [García--Mendoza & Pacheco-Ruiz, 2006]. Phycobilins (phycocyanin and phycoerythrin) are found in the stroma of the chloroplasts of Cyanobacteria, Rhodophyta, Glucophyta, and some cryptomonads and are often used as food colorants [Koller et al., 2014] .
On the other hand, chlorophyll has two main types: chlorophyll a is the principal active photochemical blue/ green pigment with an absorbance from 660 to 665 nm, and it functions as a light receiver for driving photosynthesis; chlorophyll b is a green/yellow pigment with a maximum absorbance of 642-652 nm. There is a chlorophyll c, which has a fully unsaturated porphyrin macrocycle and generally lacks chlorophyllides [Hosikian et al., 2010; Su et al., 2008] .
Carotenoids and chlorophyll are the major pigments in microalgae and their concentrations can vary. For example, Cyanobacteria can have a higher concentration of β-carotene, zeaxanthin, echinenone, myxol glycosides, and chlorophyll a; the Glaucophyta and Rhodophyta microalgae contain β-carotene, zeaxanthin, and chlorophyll a; the Cryptophyta class contains α carotene, chlorophyll a, and chlorophyll c; Prymnesiophyta has β-carotene, diadinoxanthin, fucoxanthin, chlorophyll a, and chlorophyll c; Euglenophyta and Chlorarachniophyta have β-carotene, chlorophyll a, and chlorophyll b; green microalgae contain α-carotene, β-carotene, neoxanthin, violaxanthin, lutein, chlorophyll a, and chlorophyll b; and most of the Heterokontophyta class has β-carotene, chlorophyll a, and chlorophyll c, with some variation such as the diatoms and the Chrysophyta microalgae, which also contain fucoxanthin, and the Eustigmatophyta, which has violaxanthin and no chlorophyll c [Obata & Taguchi, 2012; Takaichi, 2011] .
Microalgae also represent a valuable source of vitamins such as A, B1, B2, B6, B12, C, E, nicotinate, biotin, folic acid, and pantothenic acid. For example, Isochrysis galbana is an important source of vitamins A and E, folic acid, nicotinic acid, pantothenic acid, biotin, thiamin, ribofl avin, pyridoxine, cobalamin, chlorophyll (a and c), fucoxanthin, and diadinoxanthin, while Euglena gracilis Z can produce antioxidant vitamins such as β-carotene and vitamins C and E [Mulders et al., 2013; Countinho et al., 2006; Takeyama et al., 1997] .
The importance of pigments in health is related to their bioavailability and bioactivities. It has been suggested that the algal carotenoids can be metabolized if they are administrated orally, especially dietary fucoxanthin (the most abundant carotenoid), because it is deacetylated into fucoxanthinol in the intestinal tract by lipase and pancreatic esterase or in the intestinal cells for incorporation within the circulatory system [Peng et al., 2011] . It has been reported that fucoxanthin, carotene, and astaxanthin also have antioxidative and antiobesity activity. One study with 0.5% fucoxanthin in high fat-fed mice demonstrated their anti-obesity effect, showing a reduction in epididymal adipocyte size and a decrease in mRNA expression of the lipid-regulating enzymes [Mulders et al., 2013; Peng et al., 2011] . Dunaliella salina is a microalga with a high mass production of β-carotene (up to 14% dw), which in the lyophilized form can reduce fi brosarcoma in Wistar rats. While Dunaliella barbawil promotes the growth of normal mammary gland cells, it also inhibits neoplastic cells due to the antioxidant effect of carotene. The authors suggest that the bioactive astaxanthin and xanthophylls in Chlorella ellipsoidea could be potential therapeutic agents in the prevention of human cancers [Raja et al., 2008; Lordan et al., 2011] .
Lutein, one of the major carotenoids, is present in Chlorella minutissima and could have a potential use in the prevention and treatment of diseases such as cataracts, macular degeneration, atherosclerosis, and different types of cancer [Dineshkumar et al., 2015] . The carotenoids that accumulate in microalgae can also be used as antioxidant molecules with the capacity to quench free radicals, thereby protecting cells and tissues from oxidative damage, and even preventing food deterioration [deMello-Samapayo et al., 2013] .
Chlorophyll can be used as a pharmaceutical product for its healing activity and its chemical structure, which is similar to hemoglobin, as well as for its capacity to stimulate tissue growth through the rapid interchange of carbon dioxide and oxygen. Because of these characteristics, chlorophyll has been used in pathologies such as chronic ulcer and oral sepsis. Hematococcus pluvialis contains antioxidants such as chlorophyll and astaxanthin, whose protective activities can be used against cancer, infl ammation, and other pathologies [Hosikian et al., 2010; Lordan et al., 2011] . The cyanobacteria Aphanizomenon fl os-aquae has a hypocholesterolemic effect due to its chlorophyll content, which stimulates the liver [Singh et al., 2005] .
CULTURE AND BIOCHEMICAL COMPOSITION
The biochemical composition in microalgae can be infl uenced by the environmental conditions of the culture. With the exception of diatoms, most species of microalgae undergo mitosis during a defi ned interval relative to the light:dark cycle, and there are imposed changes in the cellular contents of proteins, carbohydrates, lipids, and pigments. When cultures were under a 12h light:12h dark cycle, it was observed that no nitrogen was assimilated at night, and carbon was preferentially consumed over lipids. The macronutrients and pigments were accumulated during the light period, especially during the fi rst hour of the light cycle [Fábregas et al., 2002] .
Nutrient limitations in cultures, especially nitrogen deprivation, can reduce protein synthesis, increase carbohydrate production, and enhance the storage of polysaccharides; however, they can also inhibit cell division and photosynthesis or lead to a reduction of algal biomass [Song et al., 2013] . Macronutrients can show negative correlations, such as that between protein content and carbohydrate and lipid content [Kadkhodeaei et al., 2015; Markou et al., 2012] . Under nutrient limitation, the total lipid content can be in excess of 40%. Nitrogen limitation in cultures has been related to an increase in lipid production, especially TAGs containing saturated and monounsaturated fatty acids. In general, high irradiances and nutrient limitation (nitrogen or P) lead to an increase in the size of the lipid fraction and stimulate TAG accumulation; meanwhile under low irradiances, mainly polar lipids (phospholipids and glycolipids) accumulate, which are structurally and functionally associated with cell membranes. However, cellular growth declines. There are exceptions, such as diatoms, whose long-phase lipid content does not respond to nitrogen starvation [Rodolfi , 2009] .
Nutrient stress also results in the generation of free radical species in the cell and in changes in the antioxidant content. Primary carotenoids (chlorophylls, β-carotenoids, violaxanthin, and vaucheriaxanthin) are synthesized under normal, favorable growth conditions in microalgae, especially in Eustigmatophyceae strains. However, secondary carotenoids are produced under nitrogen-depleted stress conditions and synthesized from primary carotenoids; they also accumulate outside the chloroplast after the cell growth phase [CamachoRodríguez et al., 2015; Goiris et al., 2015] . Under intense light exposure, microalgae display photodamage, and some become pale green and are reduced in size, indicating a decrease in chlorophyll density and cell development effects. The carotenoids do not show these effects, but instead, have induced biosynthetic expression [Nurachman et al., 2015] . In addition, in excess light, violaxanthin is interconverted into zeaxanthin by the removal of epoxides via the mono-epoxy carotenoid antheraxanthin. Zeaxanthin is epoxidized under low light conditions, and nitrogen defi ciency promotes the accumulation of the pigment astaxanthin in some microalgae such as Haemotococcus pluvialis [Camacho-Rodríguez et al., 2015; Müller et al., 2001] .
It has been suggested that nutrient content can change depending on the age of the culture; for example, total lipid content and concentration are higher in the late stationary growth phase, but in C. calcitrans, the amount of EPA is higher during logarithmic growth [Miller et al., 2014] . It has therefore been suggested that to obtain higher lipid concentrations, the recovery of the biomass could be done during the low-growth state. The harvesting methods such as centrifugation, fi ltration, sedimentation, and fl occulation that are used to obtain the biomass are suitable for every case or species of microalga. Centrifugation can concentrate biomass in a short time and maintain the viability of the cells; however, the operational costs can increase during the production of the cultures. Filtration is slower than centrifugation, but equally expensive. Sedimentation and fl occulation are other methods, but they do not work for every microalga and depend on light conditions and growth rate (daylight and the exponential phase can retard the agglomeration rate); in addition, some fl occulants could change the cell composition [Chacón-Lee & González-Mariño, 2010]. The procedure for biomass preservation for subsequent compound extraction can also alter the cell composition; for example, after suspension and centrifugation, microalgae can be frozen or sprayed during drying, which does not lead to signifi cant lipid oxidation since spray drying causes a loss of carotenoids. When lipids are extracted from microalgal biomass with specifi c solvents, the lipid classes could differ, and some other component could be co-extracted [Chacón-Lee & González-Mariño, 2010; Ryckebosch et al., 2012] . Therefore, the culture conditions, growth phase, and harvesting method must all be considered to obtain the appropriate types and quantities of microalgal compounds.
FOODOMICS AND MICROALGAL BIOACTIVE COMPOUNDS
The consumption of microalgal bioactive compounds can have both benefi cial and adverse effects. To identify such responses, a discipline called foodomics could help to study the food and nutrition domains through the combined application of advanced -omics technologies, techniques, and bioinformatics. Such an investigation can be done from several, but collective, perspectives such as nutrigenomics (gene expression), nutriproteomics (protein synthesis), nutritranscriptomics (mRNA synthesis), and metabolomics (metabolite production) with their respective mathematical and statistical modeling. Likewise, the characterization and quantifi cation of these bioactive ingredients and biomarkers (mRNA, protein, and metabolite concentration) provide indicators of the molecular and cellular events within biological systems, which can be useful measures to provide a link between exposure to the bioactive compound and a health outcome [Herrero et al., 2012; Agrawal et al., 2013] .
Several techniques can be used to understand the functional activity. For example, in proteomics, the combinatorial peptide ligand library (CPLL) technique can identify low quantities of proteins (peptides) in food and biological extracts. The procedures include analyzing the metabolomic/ proteomic applications of the bioactive compounds (peptides, proteins, lipids, sterols, carbohydrates, or vitamins) in human biofl uids, or for their identifi cation in food, gas chromatography, liquid chromatography, high performance liquid chromatography, capillary electrophoresis, and two-dimensional electrophoresis coupled to mass spectrometry can be used. In addition, mass spectrometry can be used to study metabolomics and analyze the metabolites, proteins, and peptides of interest produced in large-scale, for amino acid sequencing, which can subsequently be used for protein identifi cation. Mass spectrometry is also useful when there is no prior knowledge of the proteins and works through the mass analyzers time-of-fl ight, quadrupole, Fourier transform ion cyclotron resonance, ion trap, Fourier transform infrared spectroscopy, coupled plasma, and electrospray ionization, which can be combined in one mass spectrometer with a dynamic range of up to four orders of magnitude. The determination of geometric structures is done using nuclear magnetic resonance or X-ray crystallography, and collision-induced dissociation is used to obtain the fragmentation pattern of the peptides/ protein [Chacón- Lee et al., 2010; Chen, 2008; Bernal et al., 2014] .
The genomic and transcriptomic approach to understanding how the molecular mechanisms are related to the infl uences of diet can be observed with DNA microarray analyses, which label nucleotides representing the mRNA population of interest that are then used with a large collection of gene probes. Microarrays can be classifi ed into the types of DNA displayed on the platform, complementary DNA or oligonucleotides. To confi rm the microarray data, regulated genes are validated by quantitative reverse transcriptase-PCR with housekeeping genes monitored for stability [Kato et al., 2005] . There is also a microRNA (miRNA) microarray that can be used to investigate miRNA expression to understand changes in the regulation of cellular activities when the cell is exposed to functional foods. When the microarray is completed, the bioinformatics analysis must be performed using the Gene Ontology and the Kyoto Encyclopedia of Genes and Genomes databases to interpret the functions of the targeted genes [Liu et al., 2015] .
In addition to microarrays, there are also sequencing--based techniques that count DNA fragment tags to provide a digital representation of the gene expression level, including the serial analysis of gene expression technique. The expression of individual genes can be determined by quantifying the mRNA using northern blotting or real-time PCR [Sharkey et al., 2004; Cimica et al., 2007] . New technologies include useful tools for public health professionals that allow them to use genetic information to identify different responses to diet by population subgroups and to develop products that benefi t the state of health.
CONCLUSIONS
Microalgae and their bioactive compounds are already applied in the nutrition fi eld as a tool for pathology therapy. The future of microalgae as functional foods and the use of their biomolecules as functional ingredients relies on the diversity of the microalga species, the different compounds they contain, and the capacity to increase biomass concentration and certain nutrients during cultivation. Nevertheless, it is necessary to increase clinical research to understand their different biological effects and ensure their safety.
